ABSTRACT We assess the geographic coverage and spatial clustering of drug users recruited through respondent-driven sampling (RDS) and discuss the potential for biased RDS prevalence estimates. Illicit drug users aged 18-40 were recruited through RDS (N=401) and targeted street outreach (TSO) (N=210) in New York City. Using the Google Maps API™, we calculated travel distances and times using public transportation between each participant's recruitment location and the study office and between RDS recruiter-recruit pairs. We used K function analysis to evaluate and compare spatial clustering of (1) RDS vs. TSO respondents and (2) RDS seeds vs. RDS peer recruits. All participant recruitment locations clustered around the study office; however, RDS participants were significantly more likely to be recruited within walking distance of the study office than TSO participants. The TSO sample was also less spatially clustered than the RDS sample, which likely reflects (1) the van's ability to increase the sample's geographic heterogeneity and (2) that more TSO than RDS participants were enrolled on the van. Among RDS participants, individuals recruited spatially proximal peers, geographic coverage did not increase as recruitment waves progressed, and peer recruits were not less spatially clustered than seeds. Using a mobile van to recruit participants had a greater impact on the geographic coverage and spatial dependence of the TSO than the RDS sample. Future studies should consider and evaluate the impact of the recruitment approach on the geographic/spatial representativeness of the sample and how spatial biases, including the preferential recruitment of proximal peers, could impact the precision and accuracy of estimates.
INTRODUCTION
Respondent-driven sampling (RDS) is a recruitment and analytic strategy used when obtaining a representative, probability-based sample of the target population is unfeasible. RDS is a modified version of chain referral sampling often used to recruit populations at increased risk for HIV (e.g., illicit drug users) when stigma and/or illegality precludes access to a sampling frame. By January 2013, RDS had been used by researchers in over 80 countries 1 and is currently used by the National HIV Behavioral Surveillance System in 25 metropolitan statistical areas in the USA. 2, 3 A small group of Bseeds^are recruited by the research staff to initiate peer recruitment. Seeds are purposively selected to reflect the diversity of the underlying population and/or to ensure that specific subgroups are included in the sample. Seeds receive a limited number of coupons to recruit their peers; eligible peer recruits receive the same number of coupons to recruit their peers, and the peer referral process continues through successive waves until the final sample size is reached. 4 Participants are compensated for peer recruitment and study participation. In theory and typically in practice, sample equilibrium is reached before recruitment ends. At sample equilibrium, the final sample should be (1) independent of the seeds initiating peer recruitment and (2) more geographically diverse than those initially selected.
RDS gained popularity as a recruitment strategy because of its ability to recruit members of high-risk populations quickly and its perceived superiority over alternative recruitment approaches. While RDS is thought to generate a more representative sample and recruit more geographically remote individuals than alternative recruitment strategies for Bhidden^populations, few studies have examined this hypothesis by comparing samples recruited simultaneously using alternative recruitment approaches.
RDS vs. Targeted Sampling Approaches
One common alternative recruitment strategy is targeted street outreach (TSO) which uses ethnographic mapping strategies to identify recruitment neighborhoods (e.g., those with high concentrations of the target population); in some instances, sampling quotas are applied to each targeted neighborhood 5 . One study comparing people who inject drugs recruited through RDS and targeted sampling reported a comparable sample distribution by residential zip code for each strategy; however, the respondent-driven sample had a significantly lower proportion of participants residing in more impoverished, predominately African American, and geographically isolated zip codes. 6 They attributed the increased diversity of the targeted sample to the extensive and integral ethnographic research which guided their targeted sampling approach. 6 In another study, Broadhead and colleagues compared a sample recruited for a peer-driven intervention (RDS-recruited) with one recruited for a traditional outreach intervention and reported that the peer-driven sample was more geographically diverse. 7 
RDS Recruitment from a Spatial Perspective
The validity of the RDS estimator depends on several assumptions; 4, 8 one frequently evaluated assumption is that individuals recruit peers randomly (e.g., with respect to demographic characteristics, the outcome of interest, risk behaviors, relationship characteristics, and geography). Several studies reported evidence of nonrandom peer recruitment, [9] [10] [11] [12] [13] [14] [15] [16] of which only a few focused on nonrandom peer recruitment based on spatial/geographic factors. Some speculate that geographic sampling biases could result from seed choice, 17 preferential recruitment of spatially proximal peers, [18] [19] [20] and overrecruitment of peers residing closer to the interview location 21, 22 or with better transportation access. 6, 14 Several studies have acknowledged RDS' ability to recruit geographically diverse samples. 7, 14, 21, 23 In one study, the geographic diversity of the sample increased as recruitment progressed; 21 however, several geographic areas known to have members of the target population were not represented in the final sample. 21 The presence of nonrandom recruitment based on spatial factors may affect the validity and accuracy of resulting prevalence estimates.
Study Objectives
This analysis examined two hypothesis-driven objectives (see Appendix 1 for more detail on each objective's rationale, hypotheses, analytic approach, and key findings). The first objective was to compare the geographic coverage and spatial clustering of two samples of drug users recruited concurrently via RDS and TSO in New York City. We hypothesized that at sample equilibrium, RDS participants would cover a wider geographic area and be less spatially clustered than TSO participants. The second objective was to examine RDS recruitment from a spatial perspective. To do this, we compared the geographic coverage and spatial dependence of seeds and peer recruits. We hypothesized that (1) peer recruits would cover a wider geographic area than seeds and that the area covered by recruits would increase as recruitment progressed, (2) recruiterrecruit travel distance and time would not vary by the recruit's location or his/ her proximity to the study office, and (3) peer recruits would be less spatially clustered than seeds. To better understand the impact of observed spatial preferences in RDS recruitment on the HIV prevalence estimates in our RDS sample, we conducted additional analyses to (1) examine spatial differences in recruitment behavior by self-reported HIV status and (2) compare weighted HIV prevalence estimates in the RDS sample with New York City HIV surveillance data.
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METHODS
The data for this analysis were collected as part of the longitudinal study, BSocial Ties Associated with Risk of Transition^into injection drug use (STAR T), which aimed to identify risk factors for initiating injection drug use among active heroin, crack, and cocaine users (18-40 years of age) in New York City. Detailed study procedures and eligibility criteria are described elsewhere. 13 Participants were recruited concurrently through RDS (N=403; 46 seeds, 357 peer recruits) and TSO (N=217) between July 2006 and June 2009 and were enrolled/interviewed at a stationary study office in Harlem (88 %) or at one of seven mobile van sites (12 %). Recruitment of RDS seeds and TSO participants followed a targeted sampling plan 25 which was developed for HIV prevention studies and has been used to recruit those at increased risk for HIV. Van sites rotated weekly and were located in Queens (N=2), Far Rockaway (N=2), Jamaica (N=1), Brooklyn (N=1), and Manhattan's lower east side (N=1). Of note, 29 % of TSO and 3 % of RDS participants (PG0.0001) were enrolled on the van. Because recruitment locations for two RDS and seven TSO participants could not be geocoded, the final sample size for analysis was 611 (401 RDS, 210 TSO).
All participants provided informed consent and completed a 90-min intervieweradministered questionnaire approved by the institutional review boards at Columbia University and the New York Academy of Medicine. Surveys ascertained demographic variables, recruitment location, self-reported HIV status, drug/sex risk behaviors, and social network characteristics. 26 All participants received $30 and a round-trip Metrocard for completing the questionnaire. RDS participants received three coupons to recruit drug-using peers; participants received $10 for each eligible peer recruit and an additional $10 if three eligible peers were recruited. Because New York City residents rely heavily on public transportation and most study participants reported being recruited near subway lines (Fig. 1) enrolled on the van) and (2) recruitment locations for recruiter-recruit pairs (RDS participants only) using the Google Maps API™ and a custom-written R code. 27 Because there were significant differences in the proportion of RDS and TSO participants enrolled in the study on the van (noted above), we conducted separate analyses on samples including and excluding participants enrolled on the van (hereafter referred to as Bvan recruits^) when comparing the geographic coverage and spatial clustering of RDS and TSO participants.
DATA ANALYSIS Geographic Coverage (RDS vs. TSO)
To identify areas where individuals were recruited with RDS only, TSO only, both, and neither strategy, we mapped individuals' recruitment locations by recruitment strategy in ArcMap 10.1, 28 created a 10×10 grid for New York City (excluding Staten Island), and calculated the number and proportion of RDS and TSO participants in each boxed area (with van recruits included and excluded, separately). We also compared the average distance and time between one's recruitment location and the study office for RDS and TSO participants enrolled at the study office (van recruits excluded) using t tests and permutation tests (RDS/ TSO location labels were randomly permuted, and 1,000 samples equal in size to the RDS sample were randomly generated without replacement) using SAS software v9.3.
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Spatial Clustering (RDS vs. TSO) Spatial clustering for RDS and TSO participants was assessed using K function analysis with the SPLANCS package in R. 30 To examine differences in the extent and resolution of spatial clustering for each, we tested the null hypothesis, H0: K RDS (h)=K TSO (h). Monte Carlo simulations were used to generate 95 % confidence envelopes for the difference in K functions, K RDS (h)-K TSO (h), for a range of distances, h, based on randomly permuting recruitment strategy location labels to provide the corresponding null distribution. 31 Geographic Coverage (RDS Seeds vs. Peer Recruits) We mapped RDS seeds and peer recruits by recruitment location and compared the distance and time traveled (1) to the study office (van recruits excluded) and (2) to recruit peers (RDS seeds vs. peer recruits and by recruitment wave). Finally, for each boxed area, we calculated and mapped the average distance/time traveled by recruiters using ArcMap 10.1.
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Spatial Clustering (RDS Seeds vs. Peer Recruits) Spatial clustering for RDS seeds and peer recruits was assessed using K function analysis, and the null hypothesis, H0: K seeds (h)=K peer recruits (h), was evaluated using the same method described above. 31 Exploring the Potential for Biased HIV Prevalence Estimates (RDS Sample) Because spatial patterns in RDS recruitment/enrollment emerged in the above analyses, we conducted additional analyses to explore the potential for biased HIV prevalence estimates related to spatial preferences in peer recruitment for the RDS sample. We examined the association between travel distance and time between recruiter-recruit pairs and (1) 
RESULTS
Geographic Coverage (RDS vs. TSO) Recruitment locations for RDS and TSO participants overlapped substantially (Fig. 2) , which is consistent with findings from Kral and colleagues. 6 All participants traveled G40 min (22 miles) by public transportation to the study office. The proportion of the RDS or TSO sample in a boxed area where only one strategy recruited individuals was low (including van recruits, 2 % of the RDS sample and 5 % of the TSO sample; excluding van recruits, 3 % of the RDS sample and 2 % of the TSO sample). Regardless of the inclusion/exclusion of van recruits, the TSO sample covered a wider geographic area, and areas reached only by TSO were furthest from the study office. Additionally, RDS participants were significantly more likely than TSO participants to be recruited from the two boxed areas within walking distance of the study office. When van recruits were included, 74 % of RDS compared to 49 % of TSO participants were recruited in this area (PG0.0001). When van recruits were excluded, the two samples looked more similar, but there were still significant differences in the geographic coverage; 77 % of RDS compared with 68 % of TSO participants were recruited within walking distance of the study office (P=0.036).
As seen in Table 1 , the distance and time traveled by participants to the study office (van recruits excluded) were not significantly different by recruitment strategy (miles: P=0.72 and minutes: P=0.24; observed medians were within the interquartile ranges for the distribution of medians from 1,000 simulated samples). However, on average, RDS participants traveled fewer miles and minutes between their recruitment location and the study office (RDS median=1.0 miles (4.8 min); TSO median=2.0 miles (7.9 min)).
Spatial Clustering (EDS vs. TSO)
The spatial intensity maps in Fig. 3 demonstrate that the recruitment locations for both RDS and TSO participants cluster around the study office (PG0.0001). When van recruits were included, the RDS sample was more spatially clustered than the TSO sample (PG0.05 for individuals G10 miles apart), which contradicts our hypothesis. However, the difference in spatial clustering between RDS and TSO participants was not significant when the analysis was restricted to participants enrolled at the study office (van recruits excluded).
Geographic Coverage (RDS Seeds vs. Peer Recruits)
Overall, RDS participants tended to recruit spatially proximal peers (e.g., recruit-recruiter distance was a median of 2.1 miles (interquartile range (IQR), 1.0-4.8) and 7.5 min (IQR, 4.0-11.6)). As seen in Table 1 and Fig. 4 , there were no significant differences in the travel distance or time between (a) recruiter-recruit pairs or (b) RDS participants and the study office (van recruits excluded) by recruitment wave. There was no significant difference in the distance or time traveled by RDS seeds and peer recruits to the study office; seeds traveled a median of 1.0 miles (5.1 min), whereas peer recruits traveled a median of 1.0 miles (4.8 min) (miles: P=0.13 and minutes: P=0.12) ( Table 1) . As seen in Fig. 5 , those recruited further from the study office recruited peers who were further from them (miles: rho=0.37; PG0.0001 and minutes: rho=0.31; PG0.0001). Recruiters traveling further to recruit peers recruited fewer peers than those traveling shorter distances (miles: rho=−0.15; P=0.04 and minutes: rho=−0.15; P=0.03).
Spatial Clustering (RDS Seeds vs. Peer Recruits)
Among RDS participants, seeds were less spatially clustered than peer recruits; however, this difference was only significant for individuals separated by approximately 1-4 miles (Fig. 6 ). While the scales differ (e.g., miles in Fig. 6 represent Euclidean distances and miles in Table 1 represent public transportation distances), it is noteworthy that the median distance traveled to recruit peers was 2 miles (IQR, 1-5) (Table 1) and that nearly half of the RDS sample was recruited by peers within the distance identified as significant in Fig. 6 .
Exploring the Potential for Biased HIV Prevalence Estimates (RDS Sample)
The unadjusted HIV prevalence among RDS participants was 10.5 %, and the RDSadjusted HIV prevalence was 6.7 %. Information on HIV distribution by RDS chain is published elsewhere, 33 and convergence plots and bottleneck plots for selfreported HIV status are in Appendix 2. RDS participants were recruited from 47 of 176 New York City zip codes. Compared with the distribution of adolescents/adults living with HIV/AIDS in New York City, our weighted RDS sample recruited a lower proportion of HIV-positive individuals in 37 recruitment zip codes (of note, RUDOLPH ET AL. 360   FIG. 3 Comparing the spatial intensity of RDS and TSO respondents with van recruits a included and b excluded. The maps display the spatial intensity of RDS and TSO participants (by recruitment location), respectively. Darker shades indicate greater clustering. The graphs below display the difference between K functions for RDS and TSO participants (solid black line). When the difference in K functions is positive, RDS participants are more spatially clustered than TSO participants; when the difference in K functions is negative, TSO participants are more spatially clustered than RDS participants. The 95 % confidence envelopes for a null difference in the K functions (H0: K RDS (h)=K TSO (h)) (dotted red lines) are based on 1,000 Monte Carlo simulations. At distances where the difference in K functions exceeds the 95 % confidence envelopes, differential spatial clustering is observed. ASSESSING RDS GEOGRAPHIC COVERAGE AND SPATIAL CLUSTERING 361
FIG. 4
Average public transportation travel distance (miles) and time (minutes) between RDS study participants and the study office (van recruits excluded; N=388) and between RDS recruits and his/ her recruiter by wave (N=348).
FIG. 5
Average distance (miles) and time (minutes) by public transportation (per blocked area) between RDS recruits and his/her recruiter by recruit's recruitment location (N=348). Although there were 357 peer recruits in the respondent-driven sample, two individuals could not be geocoded, which resulted in the loss of two ties. Additionally, four individuals who were initially eligible to participate in the study were removed from the analysis due to inconsistencies in their self-reported drug use, which resulted in the deletion of seven additional ties. Therefore, the final sample size for recruiter-recruit distance calculations was 348.
HIV-positive individuals were not recruited from 31 recruitment zip codes) and a higher proportion of HIV-positive individuals in seven recruitment zip codes. The greatest discrepancies between the New York City Surveillance prevalence estimates and the RDS-weighted estimates occurred in two zip codes near the study office; the RDS-adjusted sample prevalence was much higher than the prevalence reported in the surveillance data for both of these zip codes.
On average, HIV-positive recruiters traveled 5 miles (12 min), and HIVnegative recruiters traveled 3 miles (9 min) to recruit peers (miles: P=0.008, minutes: P=0.007; Table 1 
FIG. 6
Comparing the spatial intensity of RDS seeds and peer recruits. The first two maps display the spatial intensity of a RDS seeds (N=46) and b peer recruits (N=355), respectively. Darker shades indicate greater clustering. c The difference between K functions for RDS seeds and peer recruits (solid black line). When the difference in K functions is positive, RDS seeds are more spatially clustered than RDS peer recruits; when the difference in K functions is negative, RDS peer recruits are more spatially clustered than RDS seeds. The 95 % confidence envelopes for a null difference in the K functions (H0: K seeds (h)=K peer recruits (h)) (dotted red lines) were based on 1,000 Monte Carlo simulations and represent the set of confidence intervals over the range of spatial distances examined. At distances where the difference in K functions exceeds the 95 % confidence envelopes, differential spatial clustering is observed. no significant differences in the distance or time traveled to the study office by HIV status (Table 1) or to recruit peers by the recruit's HIV status or recruiterrecruit seroconcordance.
DISCUSSION
Contrary to our hypotheses for objective 1, RDS participants were not recruited from a wider geographic area than TSO participants, and individuals recruited via RDS were not less spatially dependent on one another than those recruited through TSO. Furthermore, interesting patterns were observed when the analyses were stratified by the inclusion/exclusion of van recruits. As seen in Fig. 2 , the geographic area covered by the TSO sample is greatly impacted by the addition of van recruits; when van recruits are excluded from the analysis, the proportion of the sample within walking distance of the study office increases by 20 %. These findings are in line with the study team's rationale for using a mobile van, which was to increase the sample's geographic diversity and to remove travel barriers to study enrollment. Thus, this report is extremely relevant to the practice of epidemiology, as it has implications for the spatial dependence of the recruited sample. Specifically, without the mobile van recruits, the TSO participants were more spatially clustered. We additionally noted significant barriers for recruiting/enrolling RDS participants using a mobile van that we had not previously encountered with a TSO approach. For example, the van regularly relocated to increase sample yield and diversity which posed challenges specifically for RDS participants when referring peers to new locations. This likely resulted in fewer RDS participants enrolling in the study on the van compared with TSO participants. This in turn impacted the RDS sample in two ways. First, when van recruits were included in the analysis, the spatial clustering observed among RDS participants was significantly greater than that of the TSO participants. However, when van recruits were excluded from the analysis, the difference in the spatial clustering was no longer significant between RDS and TSO. Second, within the RDS sample, peer recruits were more spatially clustered than seeds. Our findings show that (1) individuals recruited on the van were more likely to be recruited further from the study office, and (2) the van was much more successful for recruitment/enrollment of TSO participants than for RDS participants.
With respect to our second set of hypotheses, RDS peer recruits did not cover a wider geographic area than seeds, and the geographic coverage of the sample did not increase as recruitment progressed. This is likely because (1) RDS participants recruited spatially proximal peers, and (2) the time and distance traveled to the study office and to recruit peers remained fairly constant across recruitment waves (Fig. 4) and (Fig. 3 ) compared with those recruited further from the study office, those recruited closer recruited more peers and peers who were closer to them (Fig. 5) . Thus, despite purposively selecting a geographically diverse group of seeds to initiate peer recruitment, the tendency to recruit spatially proximal peers that were close to the study office resulted in a sample of peer recruits that was more geographically confined than the seeds. Some of our findings contrast those reported by McCreesh and colleagues in their evaluation of the role of distance in RDS recruitment in rural Uganda. 19 For example, in our study, distance between recruits and recruiters did not decrease over time. Instead, travel distances and times were relatively stable over time. Although both studies report that most participants recruited spatially proximal peers, the proportion of START participants recruited by peers G2 km away (42 %) was substantially less than the proportion of study participants in Uganda who were recruited by someone G2 km away (93 %). 19 Finally, 30 % of START recruits were interviewed within 1 week of their recruiter (median number of days=22; IQR, 6-11 days). In contrast to the findings reported by McCreesh and colleagues, the time to recruit peers in START was not significantly associated with the recruiter's distance (in time or minutes) or the recruit's distance (in time or in minutes) from the study office (Appendix 3).
Limitations First, our findings may not be generalizable to other areas with less extensive public transportation systems or where people rely less on public transportation. Additionally, because only recruitment locations were geocoded, it is possible that those recruited further from the study office decided to participate because they lived, worked, or spent time at another location closer to the study office. We also assumed that all participants used public transportation (or walked if the walking distance was shorter) to the study office and to recruit peers. Some individuals may have traveled by car or walked instead of using public transportation. While it is possible that some individuals may have traveled by car instead of using public transportation, it is more likely that those not using public transportation walked given that our sample represents a predominately lower income population and the prohibitively high cost of car ownership in New York City (e.g., gas, parking, insurance). Thus, some of our travel distances/times may underestimate actual travel distances/times.
While other studies have reported instances of coercion during RDS recruitment (e.g., payment for providing transportation to the study site), 34 START participants were asked whether they felt pressured by the person who recruited him/her to participate in the study, and only two individuals (G1 %) reported that they did. The fact that few participants experienced being pressured or coerced to participate in the START study likely reflects that 78 % of RDS participants attended the group-facilitated recruitment training sessions, which were developed to enhance peer recruitment efforts. 35 In brief, the trainings included discussions on study purpose and peer recruitment ethics. They also incorporated role play to discuss and practice techniques for recruiting peers. Of note, 55 % of those attending the group-facilitated recruitment trainings reported using some of the recruitment strategies discussed in the training, and 88 % reported that they were helpful.
Additionally, because HIV status was self-reported in this study, prevalence is likely underestimated. Consequently, the actual HIV prevalence among participants sampled is likely higher than that reported by AIDSVu 24 in more zip codes than we report here. Finally, the data used to calculate baseline HIV prevalence are from the general population of adults and adolescents, and our sample represents a higher risk group. Compared with census tracts not reached with either strategy, study participants were recruited in census tracts with a greater proportion of Hispanic and black residents, a greater proportion of individuals and families living below the poverty line, a higher proportion of vacant houses and a lower proportion of owner-occupied homes, higher unemployment rates, and lower median household incomes (PG0.05); this is consistent with our study goals and the ethnographic assessment used to select recruitment neighborhoods. Consequently, the observed higher prevalence of HIV in our sample may reflect an increased prevalence of drug users in areas with a higher HIV burden, spatial recruitment biases, or both. Finally, it is also possible that failure to meet other RDS assumptions may have influenced our results. A rigorous evaluation of RDS assumptions in this study previously reported (1) some nonreciprocal recruitment ties, (2) nonrandom recruitment of drug-using network members, (3) possible inaccuracies in self-reported degree, (4) dependence among seeds and peer recruits, and (5) the ability to recruit more than one peer. 13 Another previous report using START data examined clustering by HIV status within RDS recruitment chains. 33 Individuals in RDS chains with higher than average HIV prevalence were more likely to have been recruited in neighborhoods characterized by greater inequality, higher valued owner-occupied housing, and a higher proportion of Latinos. Individuals in RDS chains with higher than average HIV prevalence were also more likely to have exchanged sex for money or drugs in the past year, to have used crack in the past 6 months, and to have been enrolled in a drug treatment program in the past 6 months; they were less likely to have used cocaine and to report homelessness in the past 6 months. Of note, while neighborhood characteristics were associated with recruitment patterns, RDS recruitment chains were not geographically confined. Rather, participants frequently recruited others in different (although demographically similar) neighborhoods. 33, 36 Estimates for self-reported HIV status were stable in both the RDS and TSO sample, and the prevalence of self-reported HIV status varied by RDS recruitment chain (Appendix 2).
CONCLUSIONS
Despite these limitations, our findings have implications for the design of recruitment strategies targeting hidden populations and for the analysis and interpretation of RDS data. First, while all participants were more likely to be recruited in the area surrounding the study office, RDS participants were more likely to be recruited within walking distance of it, and this may be partly attributed to the differential success of the mobile van for RDS and TSO recruitment/enrollment efforts. The mobile van successfully increased the geographic coverage and reduced the observed clustering for the TSO but not the respondent-driven sample. Consequently, TSO participants were less spatially clustered than RDS participants but only when van recruits were included in the analysis. Future studies using either RDS or TSO could use multiple stationary study sites (as opposed to mobile sites) located near subway entrances to improve study accessibility, expand geographic coverage, and reduce spatial clustering of sampled individuals.
With respect to the RDS sample, individuals recruited spatially proximal peers. Rather than the geographic coverage of recruits expanding as recruitment progressed, the opposite was true; the sample of peer recruits was more spatially clustered than the sample of seeds selected to initiate peer recruitment. This consequently limited the recruitment coverage area and also created a more spatially dependent sample. This may also partly account for the greater spatial dependence observed among RDS participants than among TSO participants. The observed spatial patterns in recruitment could have important implications for both the accuracy and validity of resulting RDS estimates due to the shared social environment of sampled individuals.
Because HIV and related risk behaviors are often spatially clustered, 37,38 the accuracy and validity of prevalence estimates could be influenced by the fact that a majority of RDS participants were recruited within walking distance of their peers and of the study office. Due to the underlying spatial distribution of HIV, the tendency for RDS participants to recruit spatially proximal peers may increase recruitment homophily by HIV status which (1) violates RDS's random recruitment assumption, (2) could bias population-based estimates, and (3) could increase the variance of population estimates. The preferential recruitment of peers who are close to the study office also has the potential to introduce bias. Oversampling of participants near the study office could over-or underestimate the HIV prevalence if the study office is located in an area with a high or low HIV burden. The same is true for factors other than HIV which tend to cluster geographically. The increased recruitment of individuals near the study office may also decrease the effective sample size because those who share the same risk environment or social space are likely to be more similar to one another. Bias may also be introduced if the distance between recruiter-recruit pairs varies by the outcome status.
Finally, a better understanding of geographic recruitment patterns could help researchers determine whether their sample is likely to be representative of the larger target population or a subset of the target population. For example, if recruitment is restricted to a subset of the larger geographic area, results may only be representative of a subset of the target population sampled. Ethnographic and qualitative research can be used to guide inferences with respect to whether the RDS sample reflects the geographic distribution of the target population or whether it reflects a geographic subset of the target population. In other words, do members of the target population reside in geographic areas not included in the final sample or does recruitment accurately reflect the geographic distribution of the target population? Future studies should examine geographic and spatial patterns in recruitment and determine how the preferential recruitment of more proximal peers could influence the precision and accuracy of RDS estimates and/or the representativeness of the resulting estimates.
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2. Create a 10×10 grid for NYC (except Staten Island) and calculate the number and proportion of RDS and TSO recruits in each boxed area in ArcMap 10.1 (28) .
3. Identify areas where individuals were recruited with RDS only, TSO only, both, and neither strategy.
Recruitment locations for RDS and TSO p a r t i c i p a n t s o v e r l a p p e d substantially. The proportion of the RDS or TSO sample in a box where only one recruitment strategy recruited individuals was low (including van recruits, 2 % of the RDS sample and 5 % of the TSO sample; excluding van recruits, 3 % of the RDS sample and 2 % of the TSO sample; Fig. 2a, b, respectively) . The TSO sample covered a wider geographic area, and areas reached only by TSO were furthest from the study office (Fig. 2a, b) . RDS participants were significantly more likely to be recruited within walking distance of the stationary study office in Harlem (77 % of the RDS sample vs. 68 % of the TSO sample; P=0.036) (Fig. 2b) . participants traveled a median of 2.0 miles (7.9 min) between their recruitment location and the study office (Table 1 ).
R D S a i m s t o g e n e r a t e a representative sample of the t a r g e t p o p u l a t i o n a t equilibrium. Both RDS and TSO participants cluster around the study office (PG0.0001) (Fig. 3) . Overall, the RDS sa mple was significantly more clustered than the TSO sample (Fig. 3) ; however, this was mostly explained by the fact t h a t T S O p a r t i c i p a n t s w e r e significantly more likely to be enrolled on the mobile van ( (1) to the study office (for those enrolled at the study office) and (2) to recruit peers (RDS seeds vs. peer recruits and by recruitment wave) using the Google Maps API TM and a custom-written R code. 27 RDS participants tended to recruit spatially proximal peers (median distance between recruit and recruiter=2.1 miles; median time b e t w e e n r e c r u i t a n d recruiter=7.5 min) (Table 1) Peer recruits did not cover a wider geographic area than seeds and the geographic area covered by RDS recruits did not increase as waves progressed (Table 1 and Fig. 4 ) (Fig. 5) .
Recruits traveling further to recruit peers also recruited fewer peers.
When sample equilibrium is reached, the final sample should be (1) independent of the seeds who initiated peer recruitment and (2) more geographically diverse than those initially selected.
2B
Compare the s p a t i a l clustering of RDS seeds a n d p e e r recruits Hypothesis 2b: Peer recruits would be l e s s s p a t i a l l y c l u s t e re d t h a n seeds. 1. Estimate and compare the extent and resolution of spatial clustering of RDS seeds and peer recruits using K function analysis with the SPLA NCS package in R. 30 2. Calculate the difference in K f u n c t i o n s a n d t e s t H 0 :
Carlo simulations were used to g e n e r a t e 9 5 % c o n fi d e n c e envelopes for the difference in
for a range of distances, h, based on randomly permuting seed and peer recruit location labels to provide the corresponding distribution under the null hypothesis. 31 The negative difference in the K function for most of the distances examined suggests that seeds are less spatially dependent on one another than are peer recruits; however, the difference is only significant for individuals separated by approximately 1-4 miles (Fig. 6) . Although the scales differ (e.g., miles in Fig. 6 represent Euclidean distances and miles in Table 1 represent public transportation distances), it is noteworthy that the median distance traveled to recruit peers was 2 miles (IQR, 1-5) (Table 1) and that nearly half of the RDS sample fell within the distance identified as significant in 
FIG. 10
Distribution of days between recruiter's baseline survey and recruit's baseline survey. This figure displays the number of participants (y-axis) enrolled in the START study according to the number of days he/she enrolled after his/her recruiter (x-axis). Of note, 49 individuals (30 %) were enrolled in the study within 1 week of the person who recruited him/her (range 0-440 days ).
FIG. 11
Scatter plot for the correlation between a recruit's travel distance to the study office (miles) and the number of days between the recruiter's baseline survey and his/her recruit's baseline survey (rho=0.09864; P value=0.2103).
FIG. 12
Scatter plot for the correlation between a recruit's travel time to the study office (minutes) and the number of days between the recruiter's baseline survey and his/her recruit's baseline survey (rho=0.06461; P value=0.4126).
FIG. 13
Miles traveled by recruits to the study office. This figure displays the distance traveled by recruits to the office (miles) for those recruited more than a week after his/her recruiter (one_week=0) and for those recruited within a week (one_week=1) of his/her recruiter. When categorized as 1 week or less vs. more than 1 week between recruiter's baseline visit and recruit's baseline visit, there was no significant difference in the distance (miles) traveled by the recruit to the study office (P value=0.9555).
FIG. 14 Minutes traveled by recruits to the study office. This figure displays the time traveled by recruits to the office (minutes) for those recruited more than a week after his/her recruiter (one_week=0) and for those recruited within a week (one_week=1) of his/her recruiter. When categorized as 1 week or less vs. more than 1 week between recruiter's baseline visit and recruit's baseline visit, there was no significant difference in the time (minutes) traveled by the recruit to the study office (P value=0.8475).
FIG. 15
Scatter plot for the correlation between recruiter's distance (miles) to the office and days between recruiter's baseline survey and recruit's baseline survey (rho=−0.02042; P value=0.7959).
FIG. 16
Scatter plot for the correlation between recruiter's time (minutes) to the office and days between recruiter's baseline survey and recruit's baseline survey (rho=−0.03607; P value=0.6476).
FIG. 18
Minutes traveled by recruiters to the study office. The above figure displays the time (minutes) traveled by recruiters to the office for those who's recruits enrolled in the study more than a week after him/her (one_week=0) and for those who's recruits enrolled in the study within a week (one_week=1) of him/her. When categorized as 1 week or less vs. more than 1 week between recruiter's baseline visit and recruit's baseline visit, there was no significant difference in the time traveled (minutes) by the recruiter to the study office (P value=0.1930 ).
FIG. 17
Miles traveled by recruiters to the study office. This figure displays the distance (miles) traveled by recruiters to the office for those who's recruits enrolled in the study more than a week after him/her (one_week=0) and for those who's recruits enrolled in the study within a week (one_week=1) of him/her. When categorized as 1 week or less vs. more than 1 week between recruiter's baseline visit and recruit's baseline visit, there was no significant difference in the distance traveled (miles) by the recruiter to the study office (P value=0.1844).
